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Abstract

Azobenzene is a prototypical molecular switch which can be interconverted with
UV and visible light between a trans and a cis isomer in solution. While the
ability to control their conformation with light is lost for many molecular
photoswitches in the adsorbed state, there are some examples for successful
photoisomerization in direct contact with a surface. However, there the process
is often driven by a different mechanism than in solution. For instance, photoisomerization of a cyano-substituted azobenzene directly adsorbed on Bi(111)
occurs via electronic excitations in the substrate and subsequent charge transfer.
In the present study we observe two substrate-mediated trans–cis photoisomerization reactions of the same azobenzene derivative in two different
environments within a multilayer thin ﬁlm on Bi(111). Both processes are
associated with photoisomerization and one is around two orders of magnitude
more efﬁcient than the other. Furthermore, the cis isomers perform a thermally
induced reaction which may be ascribed to a back-isomerization in the electronic
ground state or to a phenyl ring rotation of the cis isomer.
Keywords: molecular switches, two-photon photoemission, photoisomerization,
Bi(111), azobenzene
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1. Introduction

Molecular switches are a class of molecules which are bistable and can be inter-converted from
one form to the other by manipulating them using light, electrons, heat or other external stimuli.
The two forms may differ in their geometrical structure, spin conﬁguration, dipole moment or
other properties. They are of considerable interest to both technological applications and
fundamental research. Molecular switches can for example be used to introduce functionality to
larger molecular units and thus allow control over their properties [1]. Incorporated into selfassembled monolayers, molecular switches can be used to make functionalized surfaces, the
macroscopic properties of which can be altered by changing the state of the switches [2–4].
Furthermore, many molecular switches are organic compounds and physisorb on metallic
surfaces which makes them interesting to benchmark developments in density functional theory
that include corrections to account for dispersive van der Waals-interactions [5–7].
Since light is a relatively non-invasive and experimentally convenient way of manipulating
such systems, a particular focus lies on photochromic molecular switches. Among them,
azobenzene is especially prominent due to its relatively simple structure. In solution,
azobenzene can be transformed from its trans to its cis isomer with UV light and this
photoisomerization is reversible with visible light or thermally [8]. In the light-driven reactions,
the ground state barrier between the two isomers is overcome by relaxation of the photo-excited
molecule on the potential energy surface of a higher-lying electronic state [9, 10]. The
isomerization ability of molecular switches is often quenched when the molecule is adsorbed
directly on a metal surface [11–16]. This loss of functionality is frequently ascribed to the
emergence of efﬁcient de-excitation pathways due to electronic coupling to the metal, or to a
strong interaction between the highly polarizable electronic system of the phenyl rings and the
substrate due to van der Waals forces. On the other hand, there are also examples of adsorbed
photoswitches with intact (or restored) isomerization capability in direct contact with a metal,
semi-metal or semiconductor surface [17–20].
While these studies deal with molecules adsorbed in the ﬁrst monolayer, other experiments
have also demonstrated the conservation of photoisomerization ability of molecular switches in
the multilayer (i.e. in the second or higher layers of an adsorbate ﬁlm). In fact, decoupling of the
photochromic unit from the substrate allows photo-switching for a broad range of molecular
switches based on spiropyran [21], azobenzene [14], imine [22] and diarylethene [23].
Derivatives of azobenzene have even been shown to remain interconvertible in a condensed
bulk phase, despite the large geometrical change during isomerization: exposure of a single
crystal of the trans isomer with UV light leads to a macroscopic bending of the entire solid
which can be reversed thermally [24]. Similarly, a macroscopic molecular crystal based on
diarylethene contracts upon irradiation with UV light and this process is reversible using visible
light [25].
In this study we use a cyano-substituted azobenzene derivative, di-meta-cyano-azobenzene
(DMC, see ﬁgure 1). The electronegative cyano groups are thought to withdraw electron density
from the bonding π-type orbitals of the photochromic diazo bridge (–N=N–) in the center of the
molecule. A weakened –N=N– double bond reduces the barrier for rotation around this bond,
which should allow for more efﬁcient interconversion since rotation is one of the two pathways
(the other one being inversion) for isomerization [26]. In a scanning tunneling microscope
(STM) junction, the tunneling electrons cause different reactions of DMC adsorbed on metal
surfaces: on the Cu(100) surface, trans-DMC can be irreversibly converted to the cis form
2
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Figure 1. Trans and cis isomers of DMC and the reaction pathways between them in
solution. Both isomers occur in two different rotamers which differ in the relative
position of the cyano groups and are labeled syn and anti, respectively.

which is stabilized by a partially covalent character of the N–Cu bond in the cis state [27]. On
the Au(111) surface, the tunneling electrons of the STM stimulate a rotation of one of the
phenyl rings around the C–N bond, but isomerization has not been observed, most likely due to
the strong van der Waals interaction of the aromatic π system of the phenyl rings with the gold
substrate or efﬁcient quenching of excited states [12]. Together with cobalt adatoms, DMC
forms metal-organic networks on Au(111) [28].
We have previously observed a photo-induced trans–cis reaction in the ﬁrst layer of DMC
on the semi-metallic Bi(111) surface. This photoisomerization can be induced over a broad
spectral range in the UV regime by excitation of electrons in the substrate p-bands. Following
this excitation, hot electrons tunnel into the lowest unoccupied molecular orbital (LUMO) of
DMC, creating a negative ion resonance which eventually drives the conformational change
toward the cis isomer [29].
In the present contribution we ﬁnd that DMC undergoes two different photo-induced
trans–cis isomerization reactions in two different environments of the multilayer regime of
DMC on Bi(111), one of which has a similar cross section as the photoisomerization in the ﬁrst
monolayer while the cross section of the other process is approximately two orders of
magnitude higher. Both reactions are assigned to a photo-induced trans–cis isomerization.
Furthermore, the cis-DMC isomers undergo a thermally activated reaction which may be due to
a cis–trans back-isomerization or a phenyl ring rotation of cis-DMC.
2. Experimental methods

A Bi(111) single crystal was mounted in ultra-high vacuum (UHV) on a ﬂow cryostat equipped
with resistive heating facilities which was operated with either liquid nitrogen (LN2 ) or liquid
helium (LHe) (in the Auger electron spectroscopy (AES) experiments which were carried out in
3
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Table 1. AES peak positions for various elements in our experiments and in the

literature.
In (eV)

Bi

Bi

Bi

Bi

C

N

O

Experiment
Literature [35]

110
101

137
129

264
249

283
268

283
272

399
381

—
510

another UHV chamber, a bath cryostat was used with LN2 only). This allowed for precise
control of the sample temperature from around 70 K (using LHe) up to the annealing
temperature of Bi (410 K). For most measurements, the sample was cooled to around 100 K
using LN2 , LHe was used only in the experiments on the thermally induced reaction. The
Bi(111) substrate was prepared by Ar+ sputtering (ion energy of 1 keV) and subsequent
annealing at 410 K (400 K in AES experiments) for 10 min. DMC was evaporated from a
Knudsen cell at a temperature of 107 °C (120 °C in AES experiments) onto the substrate which
was held at 120 K (150 K in AES experiments).
The photo-induced reaction of multilayer DMC is characterized by changes in the work
function, as observed in photoemission spectra recorded with a time-of-ﬂight spectrometer. Due
to the wide range of photon energies employed, photoemission signals vary in their nature: for
photon energies hν higher than the work function of the sample Φ , directly photo-emitted
electrons are observed. When Φ > hν > Φ 2, the signal is dominated by two-photon
photoemission [30–32] and when hν < Φ 2, three-photon photoemission is the predominant
process. We display all spectra versus the ﬁnal state energy E Final of the photo-emitted electron,
referenced to the Fermi level E F , which is essentially the kinetic energy of the photoelectron E kin
plus the work function, E Final − E F = E kin + Φ .
A Ti:Sapphire oscillator provided femtosecond laser pulses which were ampliﬁed in a
regenerative ampliﬁer and subsequently converted into the visible spectrum using an optical
parametric ampliﬁer and frequency-doubled into the UV regime using a BBO crystal. The laser
setup is described in detail elsewhere [15, 17, 33, 34]. In the illumination experiments, the
photon ﬂux and energy ﬂuence varied from measurement to measurement but were always on
the order of 1019 ± 1 cm −2s−1 (photon ﬂux) and 10−2 ± 1 mJ cm −2 (energy ﬂuence), respectively.
AES experiments were conducted in a different UHV chamber which was equipped with
similar facilities for sample preparation and characterization and additionally a cylindrical
mirror analyzer (Omicron CMA150) with an integrated electron gun. Note, that the analyzer
was not efﬁciently calibrated, thus the measured electron energies are approximately 10 eV too
high (see table 1).

3. Results

We observed reactions induced by light and thermal activation in the multilayer of DMC, which
are described in this section as follows. First, we discuss experiments characterizing the
adsorbate, then, using photoemission we demonstrate two photo-induced isomerization
processes (section 3.2). Finally, in section 3.3, we report on a thermally induced process for
cis isomers of DMC in the multilayer and in the ﬁrst monolayer, respectively.

4
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Figure 2. TPD curves for varying initial coverages of DMC, exhibiting two desorption

features (α1, α2 ) assigned to the ﬁrst monolayer and one (α3) arising from multilayer
desorption. The thick, blue line indicates the TPD of one monolayer and the red lines
indicate those preparations which were used in the measurements presented in this
contribution. For those, the inset shows the coverages determined by integration of the
TPDs.

3.1. Sample characterization

In order to characterize the adsorbate coverage, we employed temperature programmed
desorption (TPD) where fragments of the desorbing molecules are detected using a quadrupole
mass spectrometer. For detection of DMC, we followed the fragment mass of 102 amu,
corresponding to a phenyl ring substituted with a cyano group (C6H4 CN +). Figure 2 shows a
series of TPD curves for different initial coverages of DMC. We observe three desorption
features, two of which saturate with increasing initial coverage (α1 and α2 ) while a third feature
α3 rises indeﬁnitely with a peak shape typical for zero-order desorption from the multilayer. For
a detailed discussion see [29]. The initial coverage was varied via the evaporation time and
measured by integration of the TPD curves after subtraction of a linear background. The
integral was normalized to the peak area of the TPD of a full monolayer (blue curve in ﬁgure 2).
The TPD curves shown in red in ﬁgure 2 represent the preparations which were used for the
experiments shown in this study, where the average coverage was 4.7 ML (see inset in ﬁgure 2).

5
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Following the behavior of substrate and adsorbate peaks, respectively, in AES with
increasing adsorbate coverage allows to discriminate between three growth modes. In case of
Volmer–Weber growth (islands), the substrate peak (Bi) should decrease in intensity with rising
DMC coverage, but should never be fully quenched. The same is true for Stransky–Krastanov
growth (wetting layer and islands on top) because the single wetting layer does not completely
quench the substrate signal in those areas where no islands are growing. Only for Frank–van der
Merwe (layer-by-layer) growth does the substrate peak vanish completely [36].
We ﬁrst prepared a clean Bi(111) substrate, then we recorded an AE spectrum, evaporated
a certain amount of DMC and recorded another AE spectrum under the same conditions. Both
AE spectra of such a preparation cycle were normalized using the same factor such that all AE
spectra of bare Bi(111) would have the same substrate peak intensities. We repeated this
procedure several times for various DMC coverages and the results are shown in ﬁgure 3(a).
The spectrum of the clean substrate shows one intense feature at 110 eV and three less
pronounced ones, in agreement with literature (see table 1). With increasing DMC coverage, the
substrate features are quenched and two new features arising from C (283 eV) and N (399 eV)
continuously gain intensity. The intensities of the substrate and adsorbate peaks, respectively,
are shown as a function of DMC coverage in ﬁgure 3(b). The dominant feature of the substrate
at 110 eV is quenched exponentially with increasing coverage. Fitting the coverage-dependent
Bi peak intensity, we ﬁnd an attenuation length of 2.3 ± 0.4 ML . The intensities of the N and C
features, respectively, rise in the same fashion with an N:C intensity ratio of 0.26 ± 0.03.
Considering that from the structure of the DMC molecule, a N:C ratio of 4:14 = 0.29 would be
expected, this demonstrates that the adsorbate is clean. The complete quenching of the substrate
peaks, which we observe at coverages exceeding 10 ML, is indicative of Frank–van der Merwe
(layer-by-layer) growth.
While conducting the AES experiments, we noticed changes in the adsorbate ﬁlm which
were induced by the high-energy electrons. Upon exposure to the electron beam, the molecules
in the multilayer could not be desorbed at 400 K, in contrast to the results shown above. After
recording a TPD, the C and N features associated with the adsorbate in the AE spectra could
still be observed, possibly due to an electron-induced polymerization reaction.
3.2. Light-induced reaction observed with photoemission

In order to elucidate photo-induced reactions in the DMC ﬁlm, we evaluated the changes in the
work function upon light exposure. Figure 4(a) shows a series of direct photoemission spectra
during an illumination experiment. With increasing photon dose, the work function increases by
around 500 meV. Qualitatively, this behavior is the same as the work function increase during
photoisomerization of trans-DMC in the ﬁrst monolayer [29]. However, the changes in the
multilayer occur at much lower photon doses, which indicates a more efﬁcient process. The
work function increase as a function of photon dose is shown in ﬁgure 4(b). The data do not
follow a simple exponential behavior. Instead, they can be ﬁtted with a bi-exponential function,

Φ (d ) = Φ (0) +

ΔΦ ⎡
× ⎣ 1 − e−σ1d − γe−σ2d ⎤⎦ .
γ

(1)

Here, ΔΦ is the asymptotic work function change, σ1,2 are two different effective cross
sections and γ describes the ratio of the two components’ inﬂuence on the work function
change. All these parameters are varied in the ﬁts. For the data shown in ﬁgure 4(b), the two
6

New J. Phys. 16 (2014) 053004

C Bronner and P Tegeder

Figure 3. (a) AE spectra for the bare Bi(111) substrate and increasing DMC coverages.

The spectra were normalized by the signal of the Bi peak at 110 eV (see text). (b)
Change in peak intensity of the Bi, N and C peaks at 110 eV, 399 eV and 283 eV,
respectively. The same data set as in (a) is shown. The quenching of the Bi feature has
been ﬁtted with an exponential function (solid line).

cross sections amount to σ1 = 4.0 ± 0.4 × 10−21 cm2 and σ2 = 3.4 ± 0.3 × 10−23 cm2. Hence,
there are two different reactions, one being two orders of magnitude more effective than the
other. A qualitatively similar behavior is observed over a wide range of photon energies.
Besides an energetic shift of the secondary edge (the low-energy cutoff), one can also observe a
change of its width: ﬁrst, the width increases, then, as the work function reaches 4.2 eV, it
narrows again and then rises once again. This behavior can be understood as a broadening of
the work function during each of the two reactions. The broadening is owed to the spatially
inhomogeneous laser spot which has a higher intensity in the center and therefore, a lightinduced reaction occurs faster there than in the outer regions [37]. When the reaction has
saturated in the center of the spot, the more slowly changing work function in the outer regions

7

New J. Phys. 16 (2014) 053004

C Bronner and P Tegeder

Figure 4. (a) Light-induced changes in the photoemission spectra with increasing

photon dose. (b) Evolution of the work function during illumination. The solid line
represents a bi-exponential ﬁt to the data.

can ‘catch up’ and the secondary edge is reduced in width again. The same then happens again
for the second reaction on a longer timescale.
Both photo-induced processes can be observed over a wide range of photon energies in the
UV regime, as shown in ﬁgure 5. Over the entire range, the effective cross section of the more
efﬁcient process is approximately two orders of magnitude larger than the one for the other
reaction and the cross section of the less efﬁcient process is relatively close to the cross section
observed for the photoisomerization in the ﬁrst monolayer.
For both reactions, the cross section increases exponentially with increasing photon
energy. This behavior is qualitatively the same for the photoisomerization reaction in the ﬁrst
monolayer which has been identiﬁed as a substrate-mediated process because the broad range of
excitation energies contradicts a resonant intramolecular excitation mechanism [29]. The same
argument holds for the multilayer reactions and surprisingly, we do not observe any increase in
the cross section at the energies of the ππ *- or nπ *-transition of the free molecule or at the
energy of the HOMO–LUMO gap of DMC in the ﬁrst monolayer. Thus, we exclude direct
electronic transitions within the molecule to be the main excitation pathway for the reaction.
The exponential cross section increase observed for both reactions in the multilayer furthermore

8
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Figure 5. Photon energy dependence of the effective cross sections. The values

measured in the multilayer (full triangles, open triangles, full red circles) are compared
to the cross sections in the ﬁrst monolayer (open blue circles) [29]. For photon energies
below 2 eV, the upper limits for the cross section are stated and the dashed lines indicate
relevant electronic transitions in the ﬁrst layer and for DMC in solution.

is a counter-indication for a thermally induced reaction for which the cross section would be
proportional to the photon energy and thus would depend linearly on the photon energy. On the
other hand, the observed strong increase of the cross section with increasing photon energy is
characteristic for adsorbate reactions that are induced by hot electron transfer from the substrate
[38, 39].
While spectral changes are observed for a broad range of excitation energies, no such
changes are found in the photon energy regime below 2 eV. However, due to limitations in the
photon dose which the sample can be exposed to, there is of course a detection limit for very
inefﬁcient reactions with a low cross section. Based on the applied photon dose we can
determine upper cross section limits for photon energies below 2 eV, which are indicated in
ﬁgure 5. For most other photon energies, two cross section components are necessary to
describe the spectral changes similarly to ﬁgure 4(b). In contrast, between 2.0 eV and 2.5 eV,
the photo-induced work function increase can be well ﬁtted with a mono-exponential function,
except for one photon energy (red full circles in ﬁgure 5). This may be due to the lower cross
section component falling below the detection limit in this region.
In summary, we observe two substrate-mediated, non-thermal processes in the multilayer
which are induced by light of various wavelengths. The photon energy dependent behavior of
the effective cross sections is identical to the one found for the photoisomerization in the ﬁrst
monolayer [29] and for one of the reactions, the efﬁciency is on the same order of magnitude as
in the ﬁrst layer. Therefore, and based on the results of the thermally induced reaction
(section 3.3) we assign these reactions to trans–cis photoisomerization processes which are
common for molecular switches in multilayers on metal substrates [14, 21–23].

9
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The difference between the effective cross section of the two isomerization reactions is
most likely due to the location of the involved molecules within the ﬁlm: there are essentially
three different molecular environments and we can use them to discriminate the DMC
molecules in our system, namely those in the ﬁrst monolayer, those in the ‘bulk’ multilayer and
those in the topmost layer at the vacuum interface. While steric hindrance should be important,
particularly for the ﬁrst two cases, one should note that an azobenzene derivative has been
observed to even perform a photo-induced trans–cis reaction in the bulk [24], despite a
considerable change of the molecular geometry. We can therefore not rule out any reactions in
the multilayer or at the substrate–adsorbate interface.
The efﬁciencies (i.e. the cross sections) of the two isomerization processes are inﬂuenced
by a number of aspects. As mentioned above, steric hindrance would be expected to be much
lower at the adsorbate–vacuum interface, possibly increasing the efﬁciency there. However, the
tunneling barrier for the charge carriers which tunnel from the substrate into the electronic states
of the adsorbate is drastically increased with rising distance of the molecular unit from the
substrate. For molecules at the adsorbate–vacuum interface, these two effects are competing and
therefore one can not say whether the efﬁciency, as represented by the cross section, of
photoisomerization induced by charge carriers tunneling from the substrate into the adsorbate is
more or less efﬁcient at one of the three possible positions within the ﬁlm.
3.3. Thermal reaction of the cis-isomers

Using photoemission, we can observe another kind of reaction in the multilayer regime of DMC
on Bi(111). When the photo-produced phase (henceforth labeled B) of the light-induced
reaction ( A → B) described in section 3.2 is annealed, the work function decreases. From now
on the state after the annealing step will be labeled C. For the following, DMC was evaporated
onto the clean substrate and subsequently annealed to 240 K for 30 min so that the temperatureinduced changes described below can unambiguously be assigned to the cis isomers within
phase B. Figure 6(a) shows the following three-step experiment repeated with different
annealing temperatures and always on a new spot: (i) the ﬁrst spectrum (black) is recorded on
the all-trans sample, as it was prepared. (ii) The DMC ﬁlm (state A) was then illuminated with a
dose of d = 2.6 × 10 21 cm −2 using the same laser beam which was used for the photoemission
experiments shown here (hν = 4.93 eV). Then, a second photoemission spectrum was recorded
(blue). Note that in this state (B), the photoisomerization processes have not saturated (this
would not be practically feasible due to the low cross section). Especially the inefﬁcient reaction
has had little effect on the system in this state yet. Although the processes have not saturated, in
all experiments shown here, the state after illumination (B) is equivalent due to the constant
photon dose applied. This is important because in order to employ an Arrhenius type
evaluation, the initial state of the thermal reaction (B) must be equivalent for every annealing
experiment. This equivalence of the illuminated state was furthermore veriﬁed by the
photoemission spectra recorded afterwards (blue) which show no differences between the single
annealing experiments. (iii) In the third step, the sample was heated to a speciﬁc temperature in
the range of 80 K to 240 K for 5 min and subsequently, another photoemission spectrum was
recorded in the resulting state C (red).
With increasing annealing temperature, the work function is more and more reduced after
the heating step and we use this work function change to quantify the temperature-induced
10
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Figure 6. (a) Photoemission spectra of multilayer DMC after deposition (black), after
illumination (blue) and after subsequent heating to a speciﬁc temperature (red, 5 min).
All spectra were recorded at a sample temperature of 72 K. The inset schematically
shows the involved reactions of DMC. (b) Arrhenius plot for the thermal reaction in the
multilayer, resulting from the series shown in (a). A measure for the changes of the
work function (see text for details) is plotted over the inverse annealing temperature. (c)
Work function change as a function of annealing time at 160 K. A ﬁt according to
equation (2) yields the rate constant at this temperature. (d) Arrhenius plot analogous to
(b) but for a DMC coverage of 1.0 ML. (e) Determination of the rate constant at 160 K
for a coverage of 1.0 ML, in analogy to (c).

11

New J. Phys. 16 (2014) 053004

C Bronner and P Tegeder

reaction. In a ﬁrst order thermal reaction B → C, the concentration of molecules in state B is

[B] = [B]0 exp (−kt ),

(2)

with [B]0 the initial concentration. The temperature dependence of the rate constant k is
described by an Arrhenius-type expression,
⎛ E ⎞
k ( T ) = k 0 exp ⎜ − A ⎟.
(3)
⎝ k BT ⎠
Here, k 0 is the pre-exponential factor and EA denotes the activation energy. Using the work
function ΦC ( T ) in state C, which depends on the annealing temperature T, as a measure for the
change of the number of cis molecules, [B] ∝ ΦC (T ) − ΦA , we obtain the following expression
for the temperature-dependence of ΦC ( T ):
E
ln ⎡⎣ ln ( ΦB − ΦA ) − ln ΦC ( T ) − ΦA ⎤⎦ = − A + const.
(4)
k BT

(

)

The work function values after the annealing step, ΦC ( T ), are shown in the form of
equation (4) over the inverse temperature in ﬁgure 6(b), yielding an activation energy for the
thermally induced process of EA = 39 ± 4 meV. This value will be discussed below with
respect to its relatively low magnitude.
In order to determine the pre-exponential factor (the attempt frequency) of the temperatureinduced reaction B → C, we conducted an additional, slightly different annealing experiment.
The sample was prepared as described above and illuminated with the same photon dose,
resulting in state B. Then, we annealed the sample at a temperature of 160 K for a deﬁned
heating time t and recorded a photoemission spectrum. This was repeated several times and
ﬁgure 6(c) shows the evolution of the work function during heating. Note, that we cooled the
sample to a temperature of 72 K while recording the spectra. Assuming again a proportionality
between the concentration of cis molecules in state B and the work function change, we ﬁtted
the work function change with an expression derived from equation (2) and obtain the
temperature-speciﬁc rate constant k ( T = 160 K) = 0.022 ± 0.007 s−1. Using equation (3) we
therefore ﬁnd a pre-exponential factor of k 0 = 0.37 ± 0.16 s−1 which will be discussed after a
comparative experiment in the ﬁrst monolayer.
We conducted the same kind of annealing experiments, which were described above, for a
coverage of 1.0 ML in order to compare the results for the two coverage regimes. The sample
was prepared as in the multilayer, except that a monolayer was produced by heating the sample
to 300 K for approximately 1 min directly after deposition, which leads to a desorption of the
second and higher layers [29].
Figure 6(d) shows the Arrhenius graph for the ﬁrst monolayer from which we obtain an
activation barrier of EA′ = 35 ± 7 meV. The data point at highest annealing temperature (280 K)
does not follow the expected behavior which is due to partial desorption (see ﬁgure 2). We can
ﬁt the time-dependent work function change in analogy to the experiment in the multilayer,
resulting in a rate constant at 160 K of k′ ( T = 160 K) = 0.008 ± 0.002 s−1 and a preexponential factor of k 0′ = 0.10 ± 0.06 s−1. The activation energy is identical to the one in the
multilayer whereas the pre-exponential factor is lower in the ﬁrst monolayer but on the same
12
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order of magnitude. Another interesting result of the annealing experiments in the ﬁrst layer is
that by thermal activation, the original spectrum (before illumination) can not be restored, even
for long heating times. This behavior is not consistent with only a thermally induced cis–trans
reaction.
Comparing the results of the annealing experiments in the ﬁrst monolayer and in the
multilayer, one striking observation is that the results are so similar. Due to heating of the
monolayer and the multilayer ﬁlms at 240 K for 30 min before the respective illumination and
annealing experiments we can be certain that the thermal reaction observed here occurs only for
those molecules which have previously reacted under the inﬂuence of the light. Since the
activation energy is identical and the pre-exponential factor is on the same order of magnitude
for both coverage regimes, we conclude that the observed thermal reaction is the same.
Therefore, if the very same process occurs for the two photo-products of the two coverage
regimes, it is very likely that the photo-products themselves are identical, which supports our
interpretation that the light-induced processes observed in the multilayer are due to trans–cis
photoisomerization.
Having discussed the implications of the thermally induced reaction for the photoisomerization of DMC, the question about the nature of the observed reaction remains. In the
comparable system TBA (tetra-tert-butyl-azobenzene)/Au(111), a thermally activated cis–trans
reaction is observed after a trans–cis photoisomerization. The activation barrier for this reaction
was reported to be 240 ± 30 meV [40]. In the same study, the activation barrier for thermal
cis–trans isomerization of TBA in solution was measured and amounts to 1.01 ± 0.03 eV. In a
theoretical study, this value for isolated TBA is calculated to 1.39 eV and the corresponding
barrier for isolated DMC is 1.03 eV [26]. Besides azobenzenes, other molecular switches also
perform thermal isomerization reactions at surfaces. For a spiropyran derivative, a thermally
induced ring-opening reaction with an activation barrier of 840 ± 50 meV is observed [41] and
the thermal isomerization reaction of an imine derivative has an activation energy of
0.6 ± 0.1 eV [42]. For DMC on Bi(111) we ﬁnd that the activation barrier in both coverage
regimes is 37 meV (averaged). Compared to the values for molecular isomerization reactions
found in literature, this value seems rather small. Furthermore, as already mentioned we do not
observe a complete restoration of the original spectra upon heating in the monolayer, which
speaks against back-isomerization reaction.
As seen in ﬁgure 1, each DMC isomer has two different rotamers, depending on the
relative position of the cyano groups. An alternative explanation for the observed thermal
process could therefore be a rotation of one of the phenyl rings, changing the position of the
cyano group from syn to anti in the cis-DMC isomer. As the rotamers are equally distributed in
the trans form, this reaction can thus only occur for half of the cis molecules. Since the rotation
is around a σ bond, the barrier would arise mainly due to the transient repulsion of the two rings
and should be signiﬁcantly smaller than the barrier for an isomerization which involves a
transient breaking of the double bond at the diazo bridge. Since at least one cyano-substituted
phenyl ring in the cis isomer can be expected to be tilted with respect to the surface plane, the
steric barrier for rotation posed by the substrate or underlying layers should have less inﬂuence
than it would have in the trans isomer. In the literature, the rotational barrier of a phenyl ring
group in a comparable molecule is calculated to be 37 meV in the gas phase which corresponds
remarkably well to the barrier that is observed in the present study [43]. However, one has to
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keep in mind that in our case, the molecule is adsorbed on a surface, even if the interaction with
the surface is reduced in the cis geometry.
The fact that the work function change in the trans–cis isomerization is an increase rather
than a decrease, indicates a geometry of the cis molecule in which the cyano groups are
generally pointing toward the vacuum. Therefore, a thermally induced syn–anti reaction would
be consistent with a rotation which brings one electro-negative cyano group closer to the
surface and into an in-plane orientation.
The observed pre-exponential factor (or attempt frequency) in both coverage regimes is on
the order of 0.1 Hz which is very low for a pre-exponential factor in general and particularly
compared with the one found for the thermally induced cis–trans reaction of TBA/Au(111),
which amounts to 106 ± 1 s−1 [40]. The pre-exponential factor for TBA in solution is even larger,
namely 1.6 × 1010 s−1. Considering the above proposed syn–anti rotation as the thermally
induced process, it is conceivable that the potential energy surface is rather ﬂat along the
rotational coordinate corresponding to a phenyl ring rotation because it is a rotation around a σ
bond. Due to the shallow potential minimum, the vibrational frequency of the mode associated
with a rotation of the phenyl ring can expected to be rather low which could result in a small
pre-exponential factor. In a comparable system which performs a phenyl ring rotation on a
surface [43], the pre-exponential factor amounts to 106 s−1. However, there the phenyl rings are
adsorbed in a ﬂat geometry and the interaction with the surface can be expected to considerably
change the potential for rotation around the σ bond, compared to the twisted geometry of the
cis-DMC isomer in the present study.
4. Conclusion

Using different external stimuli we could induce various reactions of DMC within a multilayer
adsorbed on the Bi(111) surface. In photoemission experiments, we observe two different
substrate-mediated trans–cis photoisomerization reactions involving DMC in two different
environments which are induced by light ranging from the visible to the UV regime. One of the
processes is two orders of magnitude more efﬁcient than the other. Both in a monolayer and in
the multilayer regime, a thermally induced reaction of the cis-DMC isomers is observed which
has an activation barrier of 37 meV and might be due to a cis–trans reaction in the electronic
ground state or a rotation of one of the phenyl rings, changing the molecular conformation of
the cis isomer from syn to anti.
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